ABSTRACT: Cytochrome P450 enzymes are responsible for a multitude of natural transformation reactions. For oxidative N-dealkylation, single electron (SET) and hydrogen atom abstraction (HAT) have 10 been debated as underlying mechanisms. Combined evidence from (i) product distribution and (ii) isotope effects indicate that HAT, rather than SET, initiates N-dealkylation of atrazine to desethyl-and desisopropylatrazine by the microorganism Rhodococcus sp. strain NI86/21. (i) Product analysis revealed a non-selective oxidation at both the αC and βC-atom of the alkyl chain, which is expected for a radical reaction, but not SET. 
been debated as underlying mechanisms. Combined evidence from (i) product distribution and (ii) isotope effects indicate that HAT, rather than SET, initiates N-dealkylation of atrazine to desethyl-and desisopropylatrazine by the microorganism Rhodococcus sp. strain NI86/21. (i) Product analysis revealed a non-selective oxidation at both the αC and βC-atom of the alkyl chain, which is expected for a radical reaction, but not SET. (ii) Normal 13 C and 15 N as well as pronounced 2 H isotope effects (ε carbon : -4.0‰ ± 15 0.2‰; ε nitrogen : -1.4‰ ± 0.3‰, KIE H : 3.6 ± 0.8) agree qualitatively with calculated values for HAT, whereas inverse 13 C and 15 N isotope effects are predicted for SET. Analogous results are observed with the Fe(IV)=O model system [5, 10, 15 ,20-tetrakis(pentafluoro-phenyl)porphyrin-iron(III)-chloride + NaIO4], but not with permanganate. These results emphasize the relevance of the HAT mechanism for Ndealkylation by P450.
INTRODUCTION

21
Cytochrome P450 (P450) enzymes are known to catalyze a 22 multitude of natural transformation reactions 1, 2 . They are 23 involved in human metabolism of steroids, drugs and xenobiotica 3 24 and in bioremediation of environmental contaminants by fungi 25 and bacteria 4 . The importance of understanding these natural 26 reactions, and of engineering improved P450-based catalysts for 27 biotechnical and pharmaceutical industries, 5, 6, 7 has motivated 28 much fundamental research on the catalytic mechanism which 29 determines reactivity, specificity and selectivity. 8, 9, 10, 11 . While 30 evidence points to hydrogen atom transfer (HAT) for selective 31 hydroxylation of hydrocarbons 12 , the underlying biochemical 32 reaction mechanism leading to N-dealkylation of N-bound alkyl 33 groups such as in alkaloids 13 , alkylanilines 14 , triazines and 34 phenylurea herbicides 15 , has been contested 16 . For decades two 35 possible reaction mechanisms have been hypothesized 17-24 36 (Scheme 1). The first mechanism involves a single-electron- 37 transfer (SET) in the initial step, where an electron from the N- 38 atom is transferred to the high valent iron-oxygen center 39 (Fe(IV)=O , or FeO 3+ step 28 . In contrast, large intramolecular hydrogen isotope effects 62 ( 2 k/ 1 k > 7) observed during the oxidation of amides provided 63 evidence that the C-H bond was initially cleaved 18, 21, 29 . Further, 64 N-demethylation of dimethylanilines by P450 enzymes showed 65 similar hydrogen isotope effect profiles as for H-atom abstraction 66 by tert-butoxy radicals 17, 30 suggesting a HAT mechanism as the 67 initial step. However, hydrogen isotope effects are often masked 68 by rate determining steps other than the C-H cleavage and may 69 show a rather large variability even in the absence of masking 31 so 70 that they need to be discussed critically for their ability to provide 71 conclusive mechanistic insight 23, 32 . Therefore, although much 72 research has been dedicated to confirming or discarding these 73 alternative mechanisms, the nature of the initial step remains 74 subject to debate 19, 33, 34 . 75 The objective of this study was to elucidate for the first time the 76 transformation mechanism for oxidative dealkylation of the 77 triazine herbicides atrazine and simazine, in particular whether 78 SET or HAT is the initial step in the cytochrome P450 catalyzed 79 N-dealkylation. 80 We used the bacterial strain Rhodococcus sp. strain NI86/21 as negative mutants, which were re-activated by transfer of the 85 specific cytochrome P-450 gene. 35, 36 This organism is known to 86 catalyze the oxidation of atrazine to DEA and DIP with 87 hydroxyisopropylatrazine as an additional identified product (i.e., 88 with -OH in the β−position of the isopropyl group, see Fig. 1 and β-positions, as expected for a radical reaction.
564
(ii) The selectivity -i.e., the reactivity of tertiary C-H bonds 565 compared to secondary or primary C-H bonds -is reminiscent of 566 a non-selective radical reaction (e.g., similar to an Cl radical) 84 ,. HAT making it an expedient tool to distinguish these 597 mechanisms.
598 Table 1 . Theoretical and measured kinetic isotope effects for the initial step in oxidative dealkylation. This provides strong additional evidence for a HAT reaction mechanism and corroborates the conclusions drawn from product 25 distributions above. Comparison of dual isotope plots also shows that the iron porphyrin (FeP) model gave isotope effects in the same direction (normal direction, stronger for carbon than for nitrogen) ( Figure 2B, Figure S8D , SI) suggesting that also here a HAT mechanism was operative. As expected the dual element 30 isotope slope was steeper with FeP than in the case of Rhodococcus sp. IN86/21, because FeP generated products selectively in the α-position and Table 1 predicts a greater ratio of ε nitrogen / ε carbon in the α-position than in the β-position.
Theoretical predictions for dual isotope slopes for HAT (grey 35 area Figure 2b ) appear to fall slightly below the experimental slopes suggesting that secondary nitrogen isotope effects may be underestimated by our calculations. Nevertheless, the qualitative agreement together with the strongly contrasting trend predicted for SET provide evidence for HAT as the 40 prevailing mechanism in both systems.
Observed intermolecular hydrogen isotope effects during biotic oxidation of simazine.
Competition experiments with deuteriumlabelled simazine (2,4-bis(pentadeuteroethylamino)-6-chloro-1,3,5-triazine) fed to Rhodococcus sp. IN86/21 gave an 45 intermolecular KIE H , ethyl side chain of 3.6 ± 0.8 (lumped product of primary and secondary isotope effects in the ethyl side chain of the triazine, SI, Figure S9 ). While clearly of primary nature, the value is also indicative of mixed rate-limiting behaviour, as expected in enzymatic reactions when commitment to catalysis is 50 not negligible 62 . Evidence for commitment of catalysis in Rhodococcus sp. strain NI86/21 is given by a comparison of calculated and observed ε carbon (ε carbon, calculated > ε carbon, observed , see Table 1 ) which indicate that the intrinsic KIE H is likely greater than 3.6. Such a pronounced hydrogen isotope effect provides 55 further support for a HAT in Rhodococcus sp. strain NI86/21 confirming the results from product distribution, AKIE carbon and AKIE nitrogen . As alternative to HAT, a stepwise proton and electron transfer, or a proton-coupled electron transfer (PCET), has recently brought 60 forward as mechanistic possibility in several cases [85] [86] [87] raising the question whether PCET may alternatively explain the isotope effects of our study. A closer examination, however, shows that this scenario is most unlikely: The transition state would correspond to a radical ylide (a carbanion adjacent to an amine MnO 4 -. Despite pronounced carbon isotope effects of AKIE average,carbon of 1.0046 ± 0.0006 (atrazine) and 1.0044 ± 0.0005 (simazine) (Figure S8B/C), no significant N isotope fractionation was observed in both compounds corresponding to a slope of zero in Figure 2 . This trend would be consistent with 5 HAT in the β-position (Table 1) , but not with HAT oxidation products in the α-position, as observed for permanganate. Therefore, the highly selective reaction at the α-C atom must be attributable to a different mechanism. Computations are provided in the Supporting Information for (i) HAT with permanganate, as 10 well as (ii) mimicking a hydride transfer through a dissociative mechanism so that a positive charge develops at the carbon center (Supporting Information Figure S3 , Table S11-13). For the HAT mechanism with permanganate, the nature of the transition states ( Figure S9 ) and the values of isotope effects are essentially 15 identical to those for HAT computed in Table 1 (normal carbon and normal nitrogen isotope effects). For the S N 1-like hydride transfer, computations yielded normal carbon, but inverse nitrogen isotope effects (SI, Figure S3 , S9, Table S17 
CONCLUSION
A combined approach using isotope effect analysis and product distribution measurements provides compelling 45 evidence for hydrogen atom transfer (HAT) as the initial step in the oxidative dealkylation of triazines with Rhodococcus sp. strain NI86/21. Since biodegradation by this organism is well-established to involve a cytochrome P450 monooxygenase system, this result is important for 50 understanding the reaction chemistry of P450 enzymes. Our results demonstrate that the HAT mechanism, which is wellestablished for selective oxidation of hydrocarbons by P450, also extends to N-dealkylation. This highlights a mechanistic scheme in which selectivity is likely governed by radical 55 reactivity, and by the architecture of the enzymatic site.
In addition, the combined approach using the two mechanistic probes described here (carbon, nitrogen, hydrogen isotope effects / product distribution) holds promise for identifying the mechanisms of other relevant transformation reactions. Of 60 particular note, the contrasting nature of predicted KIEs for HAT vs. single electron transfer (SET) mechanisms indicates that isotope effect studies may be an expedient tool to identify the occurrence of HAT or SET in future studies. This was recently also substantiated by studies of Skarpeli-Liati et al 65 48,88 on oxidative transformations of substituted aromatic Ndialkyl anilines with manganese oxide and horseradish peroxidase as oxidants. Experimentally observed patterns of C, N and H isotope effects agree with our results in a remarkable way. With 4-chloro dimethylaniline the 70 corresponding monoalkyl aniline was produced, indicative of dealkylation. Small normal N-isotope effects, as well as large normal C (up to 1.019) and H (up to 3.1) isotope effects were observed, in strong agreement with the isotope effects measured in our study for a HAT mechanism. N- 75 dialkylamines with less electronegative substituents, in contrast, gave mainly radical coupling products rather than Ndealkylation, indicative of a SET mechanism. This pathway was associated with significant inverse N (up to 0.991) isotope effects, consistent with our calculations for SET. 80 Although Skarpeli-Liati et al. did not exclude the possibility of a universal SET mechanism, our results rather support their alternative explanation: that a transition from HAT to SET mechanism took place. Therefore, the study by Skarpeli-Liati et al. does not only provide additional experimental support 85 for the mechanistic conclusions of our study. It also gives an exciting glimpse that the mechanism may change within the same experimental system depending on the redox potential of organic target compounds. The same conclusion has very recently been brought forward by Morimoto et 
